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ABSTRACT 
The electronic and magnetic structures of tetragonal, Cu2Sb-type CrMnAs were examined using 
density functional theory.  To obtain reasonable agreement with reported atomic and low-
temperature magnetic ordering in this compound, the intra-atomic electron-electron correlation in 
term of Hubbard U on Mn atoms are necessary.  Using GGA+U, calculations identify four low-
energy antiferromagnetically ordered structures, all of which adopt a magnetic unit cell that 
contains the same direct Cr−Cr and Cr−Mn magnetic interaction, as well as the same indirect 
MnMn magnetic interaction across the Cr planes.  One of these low-energy configurations 
corresponds to the reported case.  Effective exchange parameters for metal-metal contacts obtained 
from SPR-KKR calculations indicate both direct and indirect exchange couplings play important 
roles in tetragonal CrMnAs.  
 




Considerable attention has been devoted to tetragonal Cu2Sb-type intermetallics, including 
arsenides of the form (M1)(M2)As with M1, M2 3d metals, because their relatively simple atomic 
structure, which involves just three inequivalent atomic sites in a six-atom, tetragonal unit cell, 
belies a variety of magnetic structures. In particular, Cr2As, CrMnAs, and Mn2As have all been 
reported to exhibit different antiferromagnetic ordering patterns of moments assigned to the 3d 
metals,1-6 whereas MnFeAs and Fe2As adopt the same magnetic ordering pattern albeit with very 
small moments at the Fe sites in MnFeAs.7-10 The related Mn2Sb, also Cu2Sb-type, is 
ferrimagnetic, whereas CrxMn2–xSb has an antiferromagnetic ground state, for x as small as 0.05, 
with ferrimagnetic transitions at temperatures ranging from approximately 200 K (x = 0.05) to 400 
K (x = 0.16).11,12  Furthermore, superconductivity has been observed in hole-doped Li1–xFeAs (TC 
= 18 K), which adopts a defect-Cu2Sb-type structure.
1,13-15 Therefore, this combination of a small 
crystallographic unit cell allowing a wide variety of magnetic ordering patterns makes the 3d-metal 
pnictides an ideal test bed for studying the electronic origins of cooperative magnetic phenomena 
using computational methods. 
 
Figure 1. Crystallographic unit cell of Cu2Sb-type CrMnAs. 
Black: metal site M1, white: metal site M2, gray: As. 
 
The Cu2Sb-type (M1)(M2)As crystal structure adopts the space group P4/nmm and consists 
of one metal site M1 that is tetrahedrally coordinated by As and another metal site M2 that is 
square pyramidally coordinated by As, as shown in Figure 1. This structure thus presents a simple 
case of the “coloring problem,” which addresses the questions: (1) what factors influence the site 
preferences for different elements among available sites in a structure; and (2) how do these site 
occupancies affect physical properties such as electrical transport or magnetic ordering.16   
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These questions have been studied effectively using electronic structure calculations over a 
range of intermetallic systems1 by constructing various models of atomic and magnetic order and 
evaluating their total energies and electronic structures, typically using density functional theory 
(DFT).  However, standard DFT does not take proper account of electron correlation effects, which 
can be significant for rare-earth and some transition metal systems.  In particular, the functionals 
in standard DFT-based calculations often underestimate the on-site Coulomb interaction between 
electrons, especially for 3d electrons.  Thus, an on-site Coulomb correlation energy can be included 
in a DFT method by applying a Hubbard U-term (DFT+U).17,18 This U parameter is generally 
chosen empirically to fit experimentally observed properties19 in highly correlated electron 
systems such as those containing 3d and rare-earth metals. For various manganese oxides, the 
DFT+U approach has yielded better results than those from DFT alone to evaluate: (a) energies of 
the reactions of MnO and O2 to form Mn2O3, Mn3O4, and MnO2;
20 (b) formation energies of MnO, 
Mn3O4, and α-Mn2O3;
21 (c) magnetic ordering and local spin magnetic moments in MnO;21 (d) 
band gap and unit cell volume of β-MnO2;
22 (e) magnetic ordering and crystal structure of α-
Mn2O3;
23 and (f) magnetic ordering and Jahn-Teller distortion in LaMnO3.
24 The values of 
effective U parameters for Mn used in these studies ranged from 1.6 eV22,23 to 4 eV20,21.  A previous 
computational study on 3d di-metal arsenides by Zhang et al. showed that including a Hubbard U-
term with a value ranging from 14 eV for Mn in Mn2As
25 resulted in better agreement between 
calculated and experimental local magnetic moments.  Also in this study25 the calculated magnetic 
ground state switched from antiferromagnetic (the experimentally determined ground state) to 
ferrimagnetic for U values between 0.5 eV and 2 eV, but then returned to antiferromagnetic for 
values of U above 2 eV,25 results which indicate significant sensitivity to the ground state magnetic 
ordering and the U parameter assigned to Mn. 
Herein, we continue an evaluation of the electronic influences on atomic and magnetic order 
in Cu2Sb-type di-metal arsenides by examining CrMnAs using quantum chemical calculations.  In 
this compound, atomic ordering of Cr and Mn on the M1 and M2 sites is an additional variable to 
consider.  A related computational study of tetragonal MnFeAs26 showed that Fe prefers the M1 
site and Mn the M2 site via the site energy term in the total electronic energy.  In addition, 
evaluation of the effective exchange parameters for metal-metal contacts indicated that indirect 
exchange couplings dominate in MnFeAs.   
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Atomic and Magnetic Structure of CrMnAs 
In Cu2Sb-type CrMnAs, Cr and Mn primarily occupy the M1 and M2 sites, respectively, but 
with a significant degree of mixing. Reported M1 site occupancy of Cr ranges from 0.79 to 
0.88,27,28 with the remainder assigned to Mn; the occupancy of site M2 is the converse.  The 
magnetic unit cell for CrMnAs, as for Cr2As, Mn2As, Fe2As and MnFeAs,
1 is twice the size of the 
chemical unit cell, obtained by doubling the c-axis. Using powder neutron diffraction, Yamaguchi 
et al. found the antiferromagnetic ordering of CrMnAs to be as shown in Figure 2 with moments 
of ±0.88 µB at site M1 (mostly Cr) and ±3.14 µB at site M2 (mostly Mn).
28,29 In a separate neutron 
diffraction study, Fruchart found moments of ±0.83 µB at site M1 and ±2.97 µB at site M2 at 
77 K.27 The nearest-neighbor interatomic M1–M1 and M2–M2 exchange interactions are entirely 
antiferromagnetic, whereas the direct M1–M2 exchange interactions exhibit both ferromagnetic 
and antiferromagnetic character.  Figure 2 shows the magnetic ordering reported for Cr2As, 
CrMnAs, and Mn2As.  According to these diagrams, the direct M1–M1 and M1–M2 interactions 
of CrMnAs resemble those of Cr2As and not Mn2As, whereas the nearest-neighbor M2–M2 
interactions resemble those of Mn2As and not Cr2As.  As a result, the indirect M2–M2 exchange 
interactions across the M1 planes are antiferromagnetic in CrMnAs, as in Cr2As
25 but not in 
Mn2As. 
 
Figure 2. Reported magnetic orderings of Cr2As 
30, CrMnAs 29, and Mn2As 
31. Small and large spheres 
represent site M1 and M2 atoms, respectively. Black and white represent opposing orientations of atomic 
magnetic moments at transition metal sites. Small dots represent As atoms. 
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Yamaguchi et al. observed different ordering temperatures associated with the two metal sites 
in CrMnAs with nearest-neighbor M2M2 interactions ordering antiferromagnetically at 430 K, 
and direct M1M1 ordering antiferromagnetically at 290 K.29 The latter transition disrupts the 
symmetry of the chemical unit cell. The M1M1 antiferromagnetic ordering mimics M1M1 
interactions in Cr2As, which also shows two ordering temperatures, 393 K assigned to 
ferromagnetic M2M2 exchange and 175 K assigned to antiferromagnetic M1M1 exchange.32,33 
Sample preparation has been a particular challenge associated with measurements on  
(CrxMn1–x)2As, because it can be readily contaminated with Cr3As2 and Mn3As2.
4 Yuzuri reported 
Cr3As2 to be ferrimagnetic with a tetragonal structure based on x-ray diffraction,
34 but a separate 
x-ray diffraction study by Watanabe et al. found Cr3As2 to have a cubic structure;
3 spatial 
coordinates of the atoms have not been reported for either structure. Mn3As2 has been reported in 
both orthorhombic35 and monoclinic36 structures, as well as a high-temperature, monoclinic 
Mn2.896As2 phase above 750 K.
37,38 Some samples with compositions loaded as MnxAs, x > 2, 
showed weak ferromagnetism that was attributed to Mn3As2 contamination, but the structural 
assignment of the Mn3As2 phase in those samples was not determined.
38 
Computational Details 
The Vienna Ab-Initio Simulation Package (VASP)39,40 was used to evaluate total energies and 
densities of states (DOS) curves for various atomic and magnetic ordering scenarios. VASP 
calculations applied the projector-augmented wave (PAW) method41,42 with the generalized-
gradient approximation (GGA)43 and treated exchange and correlation by the Perdew-Burke-
Enzerhoff (PBE) functional44.  All VASP calculations used a plane wave energy cutoff of 500 eV 
and a 9  9  9 k-point mesh for the irreducible Brillouin zone.  Some VASP calculations included 
an empirically chosen on-site repulsion term added to the 3d states of Mn atoms (GGA+U 
method).17,18 The Hubbard U parameter is set in VASP by specifying an effective on-site Coulomb 
parameter, “LDAUU”, and an effective on-site exchange parameter, “LDAUJ.”39 The effective 
Hubbard U value equals “LDAUU” – “LDAUJ”. For all GGA+U calculations included herein, 
“LDAUJ” was set at 0.99 eV and “LDAUU” was set at LDAUU = U + 0.99 eV. 
The Stuttgart TB-LMTO program, which implements a tight-binding linear muffin-tin orbital 
(TB-LMTO) algorithm with the atomic spheres approximation (ASA)45,46 was used to perform 
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crystal orbital Hamilton population (COHP) analyses of the pairwise bonding interactions in the 
Pauli paramagnetic case for both full-occupancy colorings without spin polarization. COHP 
analysis for a particular atomatom contact decomposes the electronic density of states (DOS) into 
bonding, nonbonding, and antibonding regions for that interatomic contact.47 COHP curves are 
usually graphed as –COHP vs. E to preserve the parallel with crystal orbital overlap population 
(COOP) curves.48  Integrating a COHP curve up to the Fermi level produces an integrated COHP 
(ICOHP) value that provides insight into the relative bond strengths of each interaction.49-51 These 
non-spin-polarized TB-LMTO calculations treated exchange and correlation with the Barth-Hedin 
local density approximation (LDA).52 The basis set used wavefunctions 4s, 4p, and 3d for Cr and 
Mn and 4s and 4p for As (3d downfolded). An 18  18  18 k-point mesh was used for the 
tetragonal irreducible Brillouin zone of the crystallographic unit cell. Atomic radii of r(Cr)=1.539 
Å, r(Mn)=1.492 Å, and r(As)=1.531 Å were used, with no empty spheres necessary to achieve 
space filling. 
Table 1. Structural parameters of CrMnAs used in calculations (from 27). 
Space Group P4/nmm (No. 129)   
Lattice 
Parameters 
a = 3.7582 Å; c = 6.2592 Å; V = 88.41 Å3 
Atom Type Wyckoff Site x y z 


















Crystal structure data were taken from the neutron diffraction study by Fruchart,27 as shown 
in Table 1.  Three possible atomic colorings of the chemical unit cell were also considered: I, site 
M1 entirely occupied by Cr and site M2 entirely occupied by Mn; II, site M1 entirely occupied by 
Mn, and site M2 is entirely occupied by Cr; and III, sites M1 and M2 are each occupied 50% by 
Cr and 50% by Mn.  The reported site occupancies for CrMnAs, with 78-88% of Cr at site M1, 
most closely resemble coloring I.27,28  In addition to these atomic colorings, fifteen possible 
magnetic ordering scenarios were considered: the Pauli paramagnetic (“nonmagnetic”, NM); one 
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ferromagnetic (FM) plus three ferrimagnetic orderings (FiM1-FiM3) with nonzero net magnetic 
moment; and 10 antiferromagnetic orderings (AF1-AF10) with zero net magnetic moment (see 
Figure 3). The three ferrimagnetic ordering patterns are all those possible that preserve the size of 
the crystallographic unit cell; the 10 antiferromagnetic cases are all those possible that keep the 
size of the reported magnetic unit cell,27-29 which involves a doubled c-axis.  All structural 
illustrations (Figures 1-3) were prepared using the VESTA software package.53 
 
Figure 3. Possible ferromagnetic, ferrimagnetic and antiferromagnetic orderings of CrMnAs that preserve 
the symmetry of the reported crystallographic or magnetic unit cell. Small and large spheres represent site 
M1 and M2 atoms, respectively. Black and white represent opposing orientations of atomic magnetic 
moments at 3d metal sites. Small gray dots represent As atoms. 
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Total energies were calculated for the Pauli paramagnetic (NM) case using all three coloring 
patterns. GGA calculations were then performed for the other 14 possible magnetic orderings with 
each of the two full-occupancy colorings I and II. When initial GGA calculations converged to 
magnetic orderings other than the input ordering, viz. for FM, AF1, and AF10 with coloring I, no 
further testing was done on those scenarios. GGA+U calculations were then performed on the 
seven lowest-energy atomic and magnetic ordering scenarios, which were: I-AF3 (Mn2As-like); 
I-AF4; I-AF5; I-AF7 (Cr2As-like); I-AF8 (most similar to reported CrMnAs); II-AF3 (Mn2As-
like); and II-AF8. 
Effective exchange interactions between adjacent metal sites for specific magnetically ordered 
models of CrMnAs (see text) were calculated using the spin-polarized, relativistic Korringa-Kohn-
Rostoker (SPRKKR) package.54 The effective inter-site exchange parameters Jij, between sites i 




in which ei and ej are unit vectors representing the relative orientation of local magnetic moments 
on sites i and j. SPRKKR employs a local spin-density functional approach and the KKR Greens 
function formalism proposed by Liechtenstein et al.55 to calculate the Jij values between 
magnetically active sites i and j. All calculations employed GGA−PBE for the exchange and 
correlation corrections and 500 k-points in the Brillouin zone. 
Results and Discussion 
In CrMnAs, the reported site occupancies, which place 79-88% Cr at site M1, are more similar 
to coloring I than coloring II.  For the Pauli paramagnetic case, however, the total energy was 
lowest for coloring II by 31.4 and 20.0 meV/f.u. (f.u. = formula unit), respectively, with respect 
to colorings I and the intermediate scenario III.  Although these energy differences are rather 
small, i.e., approximately 360 and 230 K, they suggest that the nonmagnetic atomic coloring 
pattern is more significantly influenced by the site energy term rather than the bond energy term 
of the total electronic energy.16  This result was also evident for total energy calculations on 
MnFeAs as well as a Bader charge analysis of the M1 and M2 sites for the binary metal arsenides 
Cr2As, Mn2As and Fe2As, an analysis that always yielded a higher valence electron population by 
0.2e– at the M1 site over the M2 site. 
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With spin polarization included, the GGA total energies relative to the overall lowest energy 
case (II-AF3), and corresponding metal-site magnetic moments for each of the magnetic ordering 
patterns in Figure 3 are listed in Table 2.  Even with this computational approach, the lowest-
energy scenario shows neither the atomic site preference nor the magnetic ordering reported for 
CrMnAs; instead, it gives the antiferromagnetic ordering of Mn2As (AF3) with Mn atoms at the 
M1 sites, i.e., coloring II.  Nevertheless, for nearly all of the magnetic orderings, coloring I with 
Cr in the M1 sites is lower in energy than coloring II; the only exceptions are the Pauli 
paramagnetic case NM, the ferrimagnetic pattern FiM1, and the antiferromagnetic ordering AF3.  
Among the magnetic ordering patterns for coloring I, the four lowest-energy scenarios are 
antiferromagnetic and energetically competitive: AF4; AF7 (reported for Cr2As); AF5; and AF8 
(reported for CrMnAs),29 which span 14 meV/f.u.  Previous computational work by Zhang et al. 
found the same four magnetic orderings to be energetically competitive in Cr2As.
25  A fifth 
scenario, I-AF3 (reported for Mn2As) is 23 meV/f.u. above I-AF4.   
Table 2. GGA total energies and average magnitude of magnetic moments (absolute values) on each metal 
atom for given magnetic orderings and two colorings. All calculations assume geometric parameters as 
shown in Table 1, doubled along the c-axis for larger-supercell orderings. Energies are relative to the 
lowest-energy case, which is AF3 with coloring II.  For FiM2 and FiM3, italics indicate moments with 
opposite signs. 
 
 Coloring I (M1 = Cr; M2 = Mn) Coloring II (M1 = Mn; M2 = Cr) 
 ETOT (meV) Cr (B) Mn (B) ETOT (meV) Mn (B) Cr (B) 
NM 874 -- -- 842 -- -- 
FM Converged to FiM1 669 0.72 1.85 
FiM1 235 3.20 1.62 75 2.78 2.46 
FiM2 208 3.31, 3.18 0.85, 1.02 335 2.51, 2.59 2.88, 0.78 
FiM3 223 3.29, 3.18 1.42, 2.10 251 2.50, 3.12 1.97, 1.79 
AF1 Converged to AF7 304 1.94 2.50 
AF2 193 0.90 3.24 240 1.96 2.81 
AF3 177 1.66 3.19 0 2.42 2.86 
AF4 154 1.39 3.23 365 1.83 2.58 
AF5 160 1.64 3.22 296 2.08 2.80 
AF6 188 1.84 3.23 273 1.90 2.76 
AF7 155 1.42 3.21 363 1.92 2.54 
AF8 168 1.53 3.23 321 1.97 2.81 
AF9 198 1.80 3.22 310 1.97 2.74 
AF10 Converged to AF3 496 2.29 3.06 
 
The results of Table 2 also indicate that the magnetic moments are systematically lower for 
the M1 sites than for the M2 sites, but the relative values depend significantly on the atomic 
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decoration.  As discussed in previous work on dimetal arsenides,25 this outcome arises from greater 
through-space M1M1 orbital overlap than for M2M2 interactions.   
To examine the sensitivity of the computational outcomes to geometrical parameters, GGA 
calculations were carried out by allowing structural relaxation of lattice parameters and atomic 
positions, but maintaining the volume and tetragonal symmetry of the unit cell.  Results of these 
calculations are listed in Tables S1-S3 of Supporting Information.  The lattice parameters 
optimized without spin polarization showed the largest deviations from the experimental lattice 
parameters: the optimized a parameters are 2-6% larger and the optimized c parameters are 3-10% 
smaller than the experimental values.  With spin polarization, all optimized lattice constants fall 
within 3% deviation for a-axes and 4% deviation for c-axes.  Furthermore, the free atomic 
positional parameters zM2 and zAs shifted by less than 0.02, as seen for cases AF3 and AF8 in Table 
S2.  Overall, however, computational optimization of the geometry did not change the lowest-
energy magnetically ordered scenarios, and exhibited rather small changes to the experimental 
crystal structure (except for the results without spin polarization).  As a result of these 
computational optimizations, the experimental structure was used for all subsequent calculations. 
On-Site Hubbard U-Parameter. When an on-site Hubbard U-term is added to the Mn atoms, 
the relative energies of the different atomic colorings are affected, as illustrated in Figure 4.  For 
U values up to approximately 1.5 eV, coloring II continues to have the lowest calculated energy 
than colorings I and III, but for U values ranging from 2.0 to 5.5 eV, coloring I becomes lower in 
energy.  Coloring III, with mixed site occupancies on both M1 and M2 sites, is intermediate in 
energy to colorings I and II for all values of U.  If U exceeds 5.5 eV without spin polarization (not 
shown in Figure 4), then relative total energies of the three colorings change drastically.  In general, 
U values of 04 eV are applied to d orbitals in transition metal oxides.  Since the 3d orbitals of 
Mn are less localized in CrMnAs than they are in oxides, then we conclude that smaller values of 




Figure 4. Non-spin-polarized GGA+U total energies of CrMnAs in colorings I, II and III as a function of 
the Hubbard U parameter at the Mn sites. 
When magnetic ordering scenarios are considered using the GGA+U method, adding an on-
site Hubbard U-term to the Mn atoms also changes which atomic coloring is lower in energy and 
slightly affects the relative energies of various magnetic orderings. Results are plotted in Figure 5. 
Among the cases examined, antiferromagnetic patterns with coloring I became preferred for U 
values at Mn atoms of at least 1 eV, up to the maximum tested U value of 6 eV.  Up to U = 0.75 
eV on the Mn atoms, the preferred magnetic ordering case remains the Mn2As-like ordering AF3 
with coloring II, but at U = 0.75 eV, it is preferred over the lowest-energy coloring I case (AF4) 
by only 6.23 meV/f.u. Furthermore, throughout the entire range of U values, AF8 (the reported 
magnetic order for CrMnAs) with coloring II remains above II-AF3 and other coloring I magnetic 
structures. For all tested U values above 0.75 eV on the Mn atoms, the four orderings AF4, AF5, 
AF7, and AF8 with coloring I are energetically competitive, lying within 20 meV/f.u. of each 
other below U = 4 eV and achieving a maximum energy range of 31.3 meV/f.u. at U = 6 eV.  If a 
U-term (maximum value of 6 eV) is applied to only the Cr atoms or to both Cr and Mn atoms 
equally, then the lowest-energy cases remain unchanged from the results determined for U = 0 eV 




Figure 5. Total energies of selected atomic coloring–magnetic ordering scenarios of CrMnAs as a function 
of U at the Mn sites.  The case I-AF8, the reported magnetic order for CrMnAs, is the reference magnetic 
structure.  
The magnetic ordering that is lowest in energy for U ≥ 2.5 eV, I-AF5 (see Figure 5), is quite 
similar to the reported magnetic ordering of CrMnAs, I-AF8.  Both scenarios have 
antiferromagnetic nearest-neighbor (direct) M1–M1 (CrCr) and (indirect) M2–M2 (MnMn) 
exchange, as well as antiferromagnetic M2M2 (MnMn) indirect exchange across the M1 (Cr) 
planes.  Moreover, the through-space M1–M2 (CrMn) exchange interactions are 50% 
ferromagnetic and 50% antiferromagnetic.  The difference between the AF5 and AF8 orderings is 
the indirect M1M1 (CrCr) exchange between adjacent planes of M1 atoms along the c-axis: 
adjacent M1 planes are antiferromagnetically coupled in AF8 but are ferromagnetically coupled 
in AF5.  This difference creates magnetic space groups that are orthorhombic for AF5 (Pmmn) 
but tetragonal for AF8 (P4̅m2), which are visible from the directions of the different M1–M2 
(CrMn) exchange interactions. In fact, Yamaguchi et al. reported AF5 as the magnetic structure 
of CrMnAs in 198730. About 20 years later,29 they corrected it to be AF8 because of a small 
magnetic peak at (1, 0, 1/2).  However, this (1, 0, 1/2) peak is very small, so it is possible that the 
two magnetic structures co-exist in CrMnAs. 
Electronic DOS and Bonding Analysis via COHP.  Site-projected DOS curves for colorings I and 
II, generated by GGA without spin polarization but including various U values at Mn sites, are 
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illustrated in Figure 6 and provide some insight into how varying the U parameter changes the 
electronic structure.  In the absence of any U parameter (U = 0 eV), both DOS curves show peaks 
very close to the respective Fermi energies. However, the DOS for coloring I exhibits a distinct 
pseudogap just 0.09 eV below EF, corresponding to a valence electron count of 17.71 e
–/f.u., which 
would be equivalent to a composition of Cr1.29Mn0.71As under a rigid-band approximation.  There 
is no corresponding pseudogap in the DOS curve for coloring II.  The presence of a pseudogap 
close to EF implies some degree of electronic stability to coloring I over II, although there are 
many factors that contribute to the stability of a given chemical and magnetic structure.  On 
increasing the U value at the Mn sites, the DOS curves do not change dramatically in appearance 
(see Figure 6).   The pseudogap near EF for coloring I remains at approximately the same location 
relative to the Fermi energy up to U = 3 eV.  At U = 4 eV, it is much less distinct, with a local 
minimum now at 0.17 eV, which is equivalent to a 17.30 e–/f.u. or a composition of 
Cr1.70Mn0.30As. The gap in both DOS curves near 2.5 eV corresponds to a VEC of about 8 e
–/f.u., 
from effectively filling of the 4s and 4p orbitals of As.  For Coloring II, however, increasing U on 




Figure 6. DFT+U projected density of states (DOS) for non-spin-polarized CrMnAs with atomic coloring 
I (top) and II (bottom) for U-values on the Mn sites ranging from 0 to 4 eV. Gray, white and black colors 
represent the partial DOS of Cr, Mn and As, respectively. 
COHP curves for CrMnAs were calculated using LDA and are shown in Figure 7. Both 
colorings present similar overall pictures of bonding, especially concerning the metal-metal 
bonding, which is nearly optimized with bonding states below the Fermi energy, mostly 
antibonding states above, and nonbonding states (COHP  0) in the range close to the Fermi 
energy. A more visible difference arises in the metal-arsenide COHP curves. For coloring I, the 
Mn–As interaction is antibonding at the Fermi energy, whereas the corresponding CrAs (M2As) 
interactions in coloring II are weak bonding.  Integrated COHP curves over the occupied energy 
levels produces “ICOHP” values, which scale according to the contributions of polar-covalent 
orbital interactions and provides an assessment of relative polar-covalent bond strengths in a 
structure.47  Table 3 summarizes these results for colorings I and II (analogous results for coloring 
III are listed in Table S4 of Supporting Information).  In all cases, approximately 2/3 of the total 
cohesive energy stems from MAs interactions and 1/3 arises from MM interactions.  Perhaps 
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more significantly, the overall metal-metal bonding is stronger for coloring I (Cr in M1; Mn in 
M2) than for coloring II, and the total ICOHP values favor coloring I over coloring II as well, a 
result which suggests that the bond energy term of the electronic band energy 16 favors the 
experimentally observed atomic ordering in CrMnAs.  That the total energies without applying 
Hubbard U contradict this conclusion suggests that the site energy term has a larger contribution,25 
as also seen for MnFeAs.26 
Table 3. ICOHP values for two colorings of CrMnAs without spin polarization. 



















3.758 2 0.07 0.6 0.05 0.4 
M1-M2 2.729 4 1.19 19.6 19.6 1.17 19.8 19.8 
M2-M2 




3.758 2 0.05 0.4 0.07 0.6 
M1-As 2.569 4 1.68 27.9 27.9 1.61 27.1 27.1 
M2-As 




2.667 4 1.69 28.0 1.74 29.2 
Total (eV/f.u.):  24.17  23.75  
 
 
Figure 7. COHP curves per bond for coloring I (left) and coloring II (right) of CrMnAs from LDA 
calculations. + and – signs indicate bonding and antibonding, respectively. 
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Effective Exchange Interactions.  As seen from Table 2, there are four low-energy magnetic 
structures, i.e., AF4, AF5, AF7 and AF8, for coloring I obtained from VASP total energy 
calculations, whereas AF3 is the one that has the lowest energy for coloring II.  To examine how 
the magnetic interactions are affected by the site preferences of Cr and Mn in the structure, 
effective exchange interactions between adjacent metal atoms in the low energy magnetic models 
for colorings I and II were calculated using the spin-polarized, relativistic Korringa-Kohn-
Rostoker (SPRKKR) package.54 Five effective exchange parameters were evaluated, namely for 
nearest neighbor (direct) M1−M1 (JM1−M1), M1−M2 (JM1−M2) and (indirect) M2−M2 (JM2−M2) 
interactions, as well as indirect M1M1 interactions (J’M1M1) between two M1 layers and 
M2M2 interactions (J’M2M2) coupled across the M1 plane. These results are summarized in 
Table 4. It is apparent that the different atomic colorings give different spin exchange interactions. 
Although the Jij values depend on the magnetic models and Hubbard U values used for the 
SPRKKR calculations, the nature and strength of the exchange interactions are similar except for 
the indirect JMn−Mn exchange in coloring I and the indirect J’MnMn exchange in coloring II. For 
coloring I, both Cr−Cr (M1M1) and Cr−Mn (M1M2) interactions are relatively strongly 
antiferromagnetic, which results in local magnetic frustration because one Cr−Cr and two Cr−Mn 
contacts form a triangle. In addition, the indirect MnMn (M2M2) interactions through the 
square net of Cr (M1) atoms is also antiferromagnetic. To satisfy most of the antiferromagnetic 
interactions, the Cr (M1) layers order antiferromagnetically, while mixed 
ferromagnetic/antiferromagnetic exchange occurs for the Cr−Mn (M1M2) contacts, as in 
Cr2As,
25 to create orthogonal ferromagnetic and antiferromagnetic Cr−Mn interactions.  Inter-layer 
CrCr (M1M1) exchange is weakly antiferromagnetic and indirect Mn−Mn (M2−M2) exchange 
can be either antiferromagnetic or ferromagnetic based on the magnetic model used. Therefore, 
coloring I has four low-energy magnetic structures. For coloring II, nearest neighbor Cr−Mn 
(M1M2) and CrCr (M2M2) interactions are antiferromagnetic and dominate, so that AF3 has 
the lowest energy. 
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Table 4. Metal−metal effective exchange parameters (Jij: in the unit of meV) calculated for different 
magnetic models of CrMnAs using the SPRKKR program. 
Jij Distance (Å) 
Coloring I Coloring II 
UMn = 1.0 eV Without U UMn = 1.0 eV Without U 
AF4 AF8 FiM1 AF3 FiM1 
JM1−M1 2.657 −4.75 −4.59 −10.3 −0.55 −3.90 
J’M1−M1 6.259 −0.51 −1.99 −0.70 −0.56 +0.26 
JM1−M2 2.729 −8.38 −11.4 −8.40 −20.2 −15.3 
JM2−M2 3.516 +1.19 −3.30 +5.94 −7.32 −28.5 
J’M2−M2 4.767 −2.74 −4.33 −6.94 −6.46 −0.87 
 
Local Magnetic Moments.  The results of evaluating the local magnetic moments in CrMnAs as a 
function of UMn for various low-energy magnetic structures are summarized in Table S5 in 
Supporting Information.  These moments simply represent the excess number of majority spin 
electrons at each site.  A comparison of the moments calculated for I-AF8 and experimental 
moments indicate a reasonable agreement with the calculated values being systematically higher 
than the experimental moments.  The moments for all coloring I models, with Cr occupying the 
M1 sites, give (M1) less than (M2), as also observed.  For coloring II models, with Mn 
occupying the M1 sites, (M1) is less than (M2) for calculations with UMn = 0 and 1 eV.  As UMn 
increases, the moment calculated for both metal sites increases.  For UMn = 2.0 eV, the magnetic 
moments evaluated for I-AF8, which corresponds to the model closest to experiment, (M1=Cr) 
= 1.64B and (M2=Mn) = 3.86B, both of which are approximately 0.8B higher than the reported 
values.27-29 
Conclusions 
The atomic arrangement and magnetic structures of CrMnAs were studied computationally 
using various model structures.  Without including a Hubbard U-parameter for Mn atoms, GGA 
calculations found the lowest energy for the antiferromagnetic ordering observed for Mn2As (AF3-
type) and coloring II, with Mn completely on the M1 site. This result neither reproduces the 
reported magnetic ordering nor the metal-site preference in CrMnAs. For values of UMn above 1 
eV, GGA+U calculations identified coloring I as lower in energy than other alternatives, 
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reproducing the reported metal-atom site preference (Cr mostly occupying M1 site) in CrMnAs. 
Including GGA+U, four different antiferromagnetic orderings remained energetically competitive: 
AF7, which is the ordering seen in Cr2As; AF8, which is the ordering reported for CrMnAs; AF4 
and AF5, which are similar to AF7 and AF8, respectively, except with respect to the stacking of 
M1 planes along the c direction. The similarity of these orderings, as well as the robustness with 
respect to U of their energetic closeness, suggest that these antiferromagnetic orderings may 
coexist within CrMnAs at finite temperatures similar as in Cr2As.
25 The true magnetic ground state 
of CrMnAs maybe more complex than that reported in ref. 29 (AF8), so future neutron diffraction 
studies might be needed to elucidate the magnetic structure of CrMnAs. 
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The atomic structure of tetragonal CrMnAs is correctly predicted by including a Hubbard U factor 
for Mn orbitals.  The calculated magnetic structure indicates 4 low-energy arrangements showing 
CrCr antiferromagnetic exchange and CrMn mixed coupling. 
 
